The Kiebsiella aerogenes nac gene, whose product is necessary for nitrogen regulation of a number of operons, was identified and its DNA sequence determined. In the enteric bacterium Klebsiella aerogenes, a large number of enzymes involved in nitrogen metabolism are regulated by the quality and quantity of the nitrogen source supplied in the growth medium (22). In general, the transcription of operons such as hut (histidine utilization) orput (proline utilization) that enable cells to use poor nitrogen sources is activated when the preferred nitrogen source, ammonium, is absent (29). Operons such as gdh (glutamate dehydrogenase) that enable cells to assimilate ammonium are repressed when ammonium is absent (7). In every case in which such nitrogen regulation is seen, it is dependent on the global nitrogen regulatory (NTR) system. Mutants lacking either the NTR system or or", necessary for recognition of NTR-dependent promoters by RNA polymerase, are unable to activate the transcription of operons like hut or put and are unable to repress operons like gdh (22). For some operons, most notably ginA and nifLA, regulation of transcription by the NTR system is direct, requiring RNAP or" and the active (phosphorylated) form of the transcriptional activator NTRC (17, 23, 25) . However, for other nitrogenregulated operons, the regulation by the NTR system requires the action of an additional factor, NAC, encoded by the nac (nitrogen assimilation control) gene (4).
In the enteric bacterium Klebsiella aerogenes, a large number of enzymes involved in nitrogen metabolism are regulated by the quality and quantity of the nitrogen source supplied in the growth medium (22) . In general, the transcription of operons such as hut (histidine utilization) orput (proline utilization) that enable cells to use poor nitrogen sources is activated when the preferred nitrogen source, ammonium, is absent (29) . Operons such as gdh (glutamate dehydrogenase) that enable cells to assimilate ammonium are repressed when ammonium is absent (7) . In every case in which such nitrogen regulation is seen, it is dependent on the global nitrogen regulatory (NTR) system. Mutants lacking either the NTR system or or", necessary for recognition of NTR-dependent promoters by RNA polymerase, are unable to activate the transcription of operons like hut or put and are unable to repress operons like gdh (22) . For some operons, most notably ginA and nifLA, regulation of transcription by the NTR system is direct, requiring RNAP or" and the active (phosphorylated) form of the transcriptional activator NTRC (17, 23, 25) . However, for other nitrogenregulated operons, the regulation by the NTR system requires the action of an additional factor, NAC, encoded by the nac (nitrogen assimilation control) gene (4) .
We have shown previously that NAC is necessary in vivo for activation of hut,put, and ure (urease) expression as well as for repression of gdh and gltB (glutamate synthase) in response to nitrogen limitation (4, 22) . NAC also plays a role in its own regulation: although the NTR system is sufficient for the activation of nac transcription in response to nitrogen limitation, NAC is required for the repression of nac (5) . Transcriptional nac-lacZ fusions showed that nac expression is activated as much as 1,000-fold by nitrogen limitation (via NTR), leading to the hypothesis that the NTR system activates nac expression and then NAC activates (or represses) the NAC-dependent operons (22) . In support of this hypothesis, we noted that the NAC-dependent Klebsiella hut andput operons are transcribed from RNAP cr70-dependent promoters (8, 27) , in contrast to the directly NTRdependent ginA and nifLA promoters, which are transcribed from RNAP o54-dependent promoters (1) . Confirmation of the hypothesis that NAC is sufficient for activation of hut expression comes from both in vivo and in vitro experiments. When NAC was produced from an NTR-independent promoter, hut expression was activated even in the absence of a functional NTR system (32) . Similarly, purified NAC activated transcription of hut DNA by RNAP c70 in a purified system (12) . Thus, we have proposed that NAC acts as a bridge between the RNAP cr70-dependent operons like hut and the RNAP p54-dependent NTR system (2) .
The data presented here show the sequence of the nac gene, demonstrate that NAC is a member of the LysR family (14) , and make strong predictions about the transcriptional units in the nac region. We also identify another apparent LysR-like product whose function is unknown.
MATERIALS AND METHODS
Strains and plasmids. All K aerogenes strains used in this study are derived from strain W70 and are described in Table   1 . The Escherichia coli minicell-producing strain DS410 was obtained from John Reeves (30) . Transposon TnStacl was obtained from Doug Berg (9) . Plasmids used are described in Media and chemicals. Strains were grown in W salts adjusted to an initial pH of 7.4 and supplemented with carbon and nitrogen sources at 0.4 and 0.2% (wt/vol), respectively, or in rich LB medium (3). TB medium was used for minicell preparation and for plasmid isolation (37). Media for plasmid-bearing strains were supplemented with ampicillin (100 ,ug/ml), kanamycin sulfate (50 ,ug/ml), or tetracycline (25 pg/ml) as indicated. Glutamine was always Calbiochem "A-grade." IPTG (isopropyl-13-D-thiogalactopyranoside) was from Sigma Chemical Company, sequencing reagents (Sequenase) were from USA Biochemicals, and a-35S-dATP was from Amersham. Tran35S label (at a specific activity of > 1,000 Ci/mmol) from ICN was used to label proteins synthesized in minicells.
Genetic techniques. Recombinant DNA techniques were essentially as described previously (24) . Insertion mutagenesis of plasmid pEC217 with TnlOOO was done essentially as described previously (13) with F152/KL253 (21) as the donor strain and DHSa (Bethesda Research Laboratories) as the recipient. Transconjugants were selected on glucose minimal medium (to counterselect the donor) containing kanamycin and tetracycline (to counterselect the recipient). The resulting transconjugants invariably contained a TnOOO insertion randomly positioned in pEC217, whose location and orientation were determined by restriction endonuclease mapping (33) . Strains were made competent for transformation by treatment with calcium chloride (26) . Insertions of transposon TnStacl were isolated as for TnS (22) . Homogenotization of these transposon insertions to plasmids was by homologous recombination (5) .
DNA sequencing. DNA nucleotide sequence was determined with modified T7 DNA polymerase (Sequenase) on double-stranded templates as described previously (16) . Overlapping sequences were determined for both strands with pCJ5 and pEC205 as templates. The sequencing strategy used primer walking, in which new primers were synthesized with sequences determined by the results of the previous sequence determination. A complete description of the primers is available on request. Primers for determining the precise location of the TnlOOO and Tn5tacl insertions were as described previously (9, 20) . DNA sequences were analyzed with the EuGene program operating on a Sun computer. Minicell labelling and enzyme assays. The proteins encoded by minicells were analyzed as described previously (30) . IPTG was added to 10 mM when specified, and the proteins produced were separated by sodium dodecyl sulfate polyacrylamide gel electrophoresis (18) with a 12% separating gel. The gel was stained with Coomassie blue to visualize the molecular weight standards and was exposed to X-ray film (Kodak X-omat) to visualize the proteins synthesized in the minicells. Enzyme assays were as described previously (22) .
Accession number. The DNA sequence has been submitted to GenBank under accession number L01114.
RESULTS
Location of the nac gene. The nac gene has been previously mapped to a site near the his operon of K aerogenes and has been cloned as an 11.6-kb EcoRI fragment (4, 5) . The nac gene appears to be centrally located within this fragment since a plasmid containing a BamHI fragment extending from kb 4.0 to 6.0 of the 11.6-kb fragment complemented nac mutations completely (5) . Moreover, a nac plasmid with a Tn5 insertion at kb 5.367 (a cloned version of the chromosomal mutation nac-203::Tn5) was unable to complement a chromosomal nac mutation (5) .
Complementation analysis of TnJOOO (yB)-induced mutations in a low-copy-number nac plasmid (pEC217) confirmed and extended these results ( showed wild-type complementation activity in both tests against all three chromosomal nac mutations ( Table 2 ). The precise locations of the TnS insertion and the three TnlOOO insertions described above were confirmed by direct DNA sequence analysis (see below). Strains KC2744, KC2745, and KC2746 were also tested for regulation of histidase and glutamate dehydrogenase formation (as reporters for hut and gdh operon expression). As expected, strain KC2744 (whose plasmid carried an insertion in nac) was unable to activate histidase formation or repress glutamate dehydrogenase formation in response to nitrogen-limited growth, whereas strains KC2745 and KC2746 were able both to derepress hut and to repress gdh expression under these conditions (data not shown). Other nac plasmids carrying TnlOOO insertions to the left of kb 4.1 or to the right of kb 6.2 (including those at kb 0.7, 1.5, 2.8, 3.3, 3.5, as well as those at kb 7.2 and 9.1 on the 11.6-kb nac-containing fragment) were also fully able to complement chromosomal nac mutations for growth on GPro (data not shown). The positions of these latter insertions were determined by restriction mapping.
The phenotypes and locations of chromosomal nac mutations induced by TnS or TnStacl, a derivative of TnS (9), also served to locate the nac gene precisely. The original nac-203::TnS mutation (at kb 5.367) showed a complete Nac-phenotype (22) . The wild-type strain KC1043 showed a 10-fold (or more) derepression of histidase and repression of glutamate dehydrogenase in response to N limitation (Table 3 , rows 1 and 2). Strain KC2000, carrying nac-203::TnS, eliminated the activation of histidase expression and repression of glutamate dehydrogenase expression in response to nitrogen limitation, but did not affect the derepression of glutamine synthetase expression under these conditions (Table 3 , rows 3 and 4). The normal regulation of glutamine synthetase, encoded by an operon known to be transcribed directly by the NTR system, demonstrated that the NTR system was unimpaired in this strain. Strain KC2473, carrying a TnStacl insertion (nac-306::TnStacl) at kb 4.747, also showed a complete Nac-phenotype (Table 3 , rows 5 and 6). However, strain KC2472, with a Tn5tacl insertion (nac-305::TnStacl) at kb 4.654, showed almost wild-type regulation: histidase derepression, though weak, was detectable and glutamate dehydrogenase repression was normal in response to nitrogen limitation (Table 3, rows 7  and 8 ). The precise locations of these TnStacl insertions were determined by DNA sequence analysis (see below). Thus, the nac gene appears to lie between kb 4.7 and 6.0 on the map of the 11.6-kb cloned fragment (5) .
The complete nucleotide sequence of the region from kb 4.0 to 6.94 was determined ( Fig. 1) , and its key sequence features are summarized in Fig. 2 . For convenience, the BamHI site at kb 4.0 of the restriction map of the nac region (5) Fig. 2 ), the two AflII sites (at bp 4777 and 5700) that delimit the deletion Al (see Fig. 5 ), and the KpnI site (at bp 6180) that is the left end of the deletion A2 (see Fig. 5 Fig.  1 ), 56 bp upstream from the nac ORF. This is consistent with the requirement for the a54-dependent NTR system for nac expression (22) . About 130 bp upstream from the promoter, at bp 4566 to 4582 (doubly underlined in Fig. 1 ), is the sequence TGCACCGTTGTAGTGCG, similar to the consensus NTRC binding site TGCACCANNNTGGTGCA (22a, 23) , and this upstream site is presumed to be the target for the NTR activation of nac expression. Almost immediately adjacent (at bp 4584 to 4602) lies another good match to the consensus for NTRC binding sites (singly underlined in Fig. 1 bind at this presumed enhancer region. The nac-306 mutation, a Tn5tacl insertion which destroys NTR-mediated NAC expression, lies at bp 4747, in the 56 bp between the presumed nac promoter (bp 4701 through 4714) and the nac coding sequence, supporting the assignment of the promoter (Fig. 3) . The nac-305 mutation, another Tn5tacl insertion, results in the insertion of over 5 kb of DNA (at bp 4654), between the presumed NTRC binding site and its target (nac) promoter. The NTR control of nac expression is impaired, but not destroyed, by this insertion.
The nac ORF begins with an ATG codon preceded by a match to a Shine-Dalgarno ribosome binding sequence and suggests a protein of 32,759 Da with considerable similarity to the LysR family of bacterial regulatory proteins (14) , particularly to the OxyR protein of E. coli (Fig. 4) . The homology between the predicted amino acid sequence of NAC and that of OxyR is particularly strong in the N-terminal region, typical for LysR proteins (14) .
To confirm the conclusions drawn from analysis of the DNA sequence, we examined plasmid-directed protein synthesis in minicells. The Tn5tacl insertion in nac-306:: TnStacl lies just upstream from the nac coding sequence and is oriented such that the tac promoter will transcribe toward the nac gene when repression is lifted (i.e., in the presence of IPTG). The nac-306::Tn5tacl allele was transferred to plasmid pEC205 by homologous recombination, and the resulting plasmid (pEC205.1) was transferred to an E. coli minicell-producing strain by transformation as described in Materials and Methods. Figure 5b (lanes 1 and 2) shows that IPTG addition to minicells carrying pEC205.1 resulted in the induction of a single polypeptide of about 32 kDa, consistent with the 32,759 Da predicted for NAC from the DNA sequence. The plasmid pAl carried a deletion (Al) which removed an AflII restriction fragment (bp 4781 to 5704) and deleted all but the first three codons of NAC as well as 16 bp of the 179 bp between nac and ORF2 (Fig. Sa) . IPTG induction of minicells carrying this plasmid yielded no NAC, but did yield two polypeptides, one of about 35 kDa, consistent with the size of the predicted ORF2 product, and one of about 38 kDa which might be ORF3. This deletion is expected to yield a truncated fusion of the amino-terminal end of the nac ORF with the intragenic region between nac and ORF2, which would encode a peptide of 34 amino acids, but leave ORF2 and ORF3 intact. Since ORF2 and ORF3 are not seen in the undeleted plasmids, the Al deletion probably interferes with termination of transcription between nac and ORF2. Plasmid pA2 carried a deletion which removed the KpnI fragment from bp 6184 to 7408 and fused the N-terminal part of ORF2 to the C-terminal part of ORF3 (Fig. 5a ). This plasmid resembled the undeleted plasmid pEC205.1 in that only NAC was produced upon induction of the tac promoter with IPTG (Fig. 5b, lanes 5 and 6) . Finally, a plasmid (pAl,2) carrying both deletions gave no NAC upon induction but did give a single polypeptide derived from the fusion of ORF2 and ORF3. The size of the ORF3 produced in lane 4 (38 kDa) suggested that ORF3 extends to about bp 7840, about 900 bp beyond the end of the sequence shown in Fig. 1 . The size of the ORF2-ORF3 fusion product (Orf2:3 in Fig. Sb, lane 6 ) was about 30 kDa and was consistent with the predicted endpoint for ORF3. The Orf2:3 fusion thus produced generated replaced the N-terminal 20.7 kDa of ORF3 with the N-terminal 14.1 kDa of ORF2 and is thus 6.6 kDa shorter than ORF3 itself.
DISCUSSION
Three lines of evidence argue that the ORF extending from bp 4773 to 5686 in Fig. 1 is the coding sequence for NAC. (i) A TnS and a TnlOOO insertion in this ORF destroyed the ability of the cloned 11.6-kb fragment to complement wellcharacterized nac mutations, but Tn]O00 insertions in other ORFs left nac complementation intact. (ii) A TnStacl insertion between the nac promoter and the nac ORF also rendered the cell Nac- (Table 2 ), but NAC activity was restored when nac transcription was driven by the IPTGinducible tac promoter in Tn5tacl (32) . (iii) The protein produced from this tac-driven nac gene has been shown to be authentic NAC since it activates hut transcription in an in vitro system with purified components (12) .
The amino acid sequence of NAC deduced from the DNA sequence of nac presented here identifies NAC as a member of the LysR family of regulatory proteins. A motif of T-N11-A as the core of this motif has been suggested (11) , and the sequence of the NAC binding site at several operons (hut, put, ure, and gdh) is consistent with this suggestion (12) .
Despite the close proximity of ORF2 and ORF3 to nac, nac appears to be a single-gene operon. When nac expression was driven by TnStacl, neither ORF2 nor ORF3 was expressed (Fig. 5) , suggesting that a transcription terminator lies between nac and ORF2, perhaps the stem-loop structure at bp 5694 to 5710. Deletion of nac and a part of the nac-ORF2 intergenic region allowed expression of ORF2 and ORF3 from the tac promoter, suggesting that the postulated terminator was deleted. When ORF2 expression was driven by Tn5tacl (plasmid Al in Fig. 4 Experiments with nac-lacZ fusions showed previously that nac expression is subject to nitrogen regulation and that this regulation requires the NTR system and o54 (22 a54-dependent promoters (23) . In support of this promoter assignment, a Tn5tacl inserted between this sequence and the nac ORF abolished NTR-mediated nac expression (Table 2) and replaced it with IPTG-inducible tac-mediated nac expression (32) (Fig. 5) .
In vitro transcription with purified components and primer extension analysis of in vivo-synthesized mRNA have shown that nac transcription initiates at the A residue (bp 4727), 12 bp downstream from the conserved GG-N1O-GC sequence postulated here to be the nac promoter (10) . DNase protection studies showed that RNAP o-4 binds to this site to form a closed complex in the absence of other proteins. These studies further showed that NTRC-P at low concentration protected the proposed strong NTRC site centered at bp 4574 and that NTRC-P at high concentration protected both this site and the adjacent weak NTRC site centered at bp 4594. Thus, the NTRC-and ur54-dependent transcription of nac has been demonstrated directly, confirming the predictions made from the DNA sequence (Fig.  3) and from the genetic analysis presented previously (22) .
The fact that nac is transcribed by RNAP a`4 also explains the phenotype of the nac-305::TnStacl mutation. Although nac-305 is an insertion of about 5 kb of DNA between the presumed binding site of the transcription activator (NTRC) and the promoter, nitrogen regulation of nac expression is not completely abolished. The NTRC binding site has the properties of an enhancer sequence (28) . In particular, its position relative to the promoter is highly variable. A location about 100 to 200 bp upstream seems most common, but other locations upstream or even downstream are also effective. Perhaps surprisingly, the binding of an activator to an enhancer seems to be sufficient for the activation of any nearby &54-dependent promoter. The enhancer appears to carry the information determining which syecific activator will regulate transcription from a given a5 -dependent promoter. For example, the Dct enhancer, when placed upstream of a cr54-dependent nif promoter, put nif expression under the control of the Dct system (19) . We know that an enhancer can be moved away at least 1 kb from a odependent promoter and still exert function (31) . The data in Table 3 suggest that even a distance of 5 kb allowed the enhancer to act on the promoter (assuming, of course, that the TnStacl insertion did not carry or create an NTRCresponsive enhancer). The fact that any enhancer may be able to activate any nearby a54-dependent promoter, coupled with the fact that distances greater than 5 kb may have to be considered nearby, suggests that there may be a limit to the number of o54-dependent promoters that can exist on a single chromosome. If there are too many, they might not be able to be isolated from each other's enhancers unless there is some unknown mechanism (other than large distance) that can isolate a promoter from an enhancer.
This postulated limitation may also provide a resolution to the logical paradox that although the NTR system can activate transcription directly (and does so at many operons), the cell chooses the complicated system of using NAC (36) . The sequence of the cloned K aerogenes tRNA In is identical to the tRNA 1n from all three known tRNAAsn genes from E. coli, and the sequence of the nucleotides surrounding the actual coding region of the K aerogenes tRNA In gene resembles most closely that of the E. coli tRNA In II (15) . Thus, we suspect that the E. coli locus corresponding to the K aerogenes nac gene may lie at about min 43.5 on the genetic map, or at about kb 2070 on the Kohara map.
